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Adsorption of Quinoline from Liquid Hydrocarbons on Graphite
Oxide and Activated Carbons

Xiao Feng®, Xiaoliang Ma®, Na Li*, Chao Shang®, Xiaoming Yang®, Xiao Dong Chen®"

Four carbon-based adsorbents (activated carbon, oxidatively modified activated carbon, graphite, and
graphite oxide) were investigated as adsorbents for selective removing quinoline from a model hydrocarbon
fuel. The surface chemical properties of these carbon-based adsorbents were characterized by temperature-
programmed desorption coupled with mass spectrometry (TPD-MS), X-ray photoelectron spectroscopy (XRD),
elementary analysis (EA) and nitrogen adsorption-desorption analyzer in detail. The influences of the textural
structures and the surface functional groups of these carbon adsorbents on their adsorption performance
were examined. The activated carbon modified by ammonium persulfate oxidation (APS) can achieve an
adsorption capacity as high as 35.7 mg-N/g. The results indicated that the oxygen-containing functional
groups on the surface play a crucial role in determining their adsorptive performance for quinoline. In
addition, enhancement of the interlayer distance in the graphite oxide results in an dramatic increase in the
adsorption capacity of the graphite oxide. The accessibility of the oxygen functional groups on the surface for
quinoline is important to the adsorption behavior. Considering its high adsorption capacity and good
regenerability, the graphite oxide may also be a promising adsorbent for selectively adsorptive removing the

nitrogen compounds from the liquid hydrocarbon streams.

1. Introduction

In-depth  denitrogenation and desulfurization of liquid
hydrocarbon streams for producing ultra-clean fuels have attracted
considerable attention worldwide due to the stringent requirement
on the basis of environmental protection regulations. The sulfur and
nitrogen compounds in fuels are converted to SO, and NO,,
respectively, during combustion, which are responsible for global
warming, acid rain, fog and haze. Thus, the fuels with ultra-low
sulfur and ultra-low nitrogen compounds are required worldwide.”
g Hydrodesulfurization (HDS) is the most important process for
producing ultra-low sulfur transportation fuels. The presence of
nitrogen compounds in the fuels, even at low concentrations, could
strongly inhibit the HDS process.e'8 The removal of nitrogen
compounds before HDS could significantly improve the HDS
performance and lower the sulfur level to less than 5ppm.6’ 9,10
Such a process is especially required for the feedstocks that contain
high nitrogen compounds, such as the coal-derived liquid. The
conventional method of removing nitrogen compounds is via
hydrodenitrogenation (HDN) in oil refineries, which is more difficult
than HDS, the HDN process requires severe reaction conditions,
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such as elevated temperature and pressure with higher hydrogen
consumptionlug Therefore, some non-hydroprocessing
approaches, such as adsorptive denitrogenation (ADN), oxidative
denitrogenation (ODN), and extractive denitrogenation (EDN) have
been proposed.e’ 91416

Among them, ADN has attracted considerable attention
because it can be performed under ambient conditions without
using hydrogen.e’ Y17 an efficient adsorbent plays a crucial role in
the adsorption approach. A good adsorbent for this application
should have a sufficiently high capacity and high selectivity towards
nitrogen compounds with good stability in the process, as well as
easy preparation, modification and regeneration. Therefore, a wide
range of adsorbents have been developed and tested for ADN, such
as metal oxides, activated carbon, ion-exchange resins, and
supported metal (Ni/SiO,-Al,03), activated alumina, zeolites, metal
organic frameworks (MOFs) and others.® 141618

Among the adsorbents, activated carbon (AC) has been widely
studied in ADN due to its significant advantages, such as lower price,
wider range of sources, and easy modification of pore structure and
surface functional groups.e’ 151618 More importantly, it has good
capacity and reasonable selectivity for nitrogen compounds.
However, the maximum ADN capacity of AC reported in the
literature is only around 17.6 mg-N per gram of solid,”** and the
adsorption selectivity of ACs for the nitrogen compounds, especially
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Figure 1. Oxygen groups on (a) activated carbon and (b) graphite oxide.
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those in real fuels remains limited.

The adsorption behavior of
carbon materials depends on both the chemical properties, such as
the oxygen-containing functional groups (OCFGs) on their, and the
physical properties such as the pore structure and surface area. The
mechanisms proposed by different researchers vary considerably.le’
2.2 According to the previous studies, the relationship between
the properties of AC and the adsorption capacity for both quinoline
and indole has not clearly established yet.”’ > The chemical
properties of the ACs, such as the concentration of OCFGs, shown in
Figure 1a, have been expected to play important roles in
determining the adsorption capacity and selectivity for nitrogen
compounds, especially for quinoline.24 The commercially available
ACs and their modified versions used in the previous studies
showed different chemical properties and physical structures,
which make it difficult to discern their individual effects on their
adsorption performances.” *> *

Alternatively, graphite oxide (GO), as an emerging class of
carbon materials, has regained the great attention due to its role as
a precursor for the cost-effective mass production of graphene.ze'29
GO can be prepared by the severe oxidation of graphite (GF). The
oxidation process can introduce a large amounts of oxygen groups
in the forms of carboxyl groups, hydroxyl, epoxides, and ketones
groups, as shown in Figure 167 3% 3 previous studies, GO
samples with low surface areas (e.g., below 20 mz'g'l) and non-
porous structures were prepared.32 The samples had higher
concentrations of the oxygen groups than the oxidative activated
carbon (OAC), which may make the GO more suitable for
conducting fundamental research to obtain insights into the ADN
mechanisms, although it is a disadvantage for many applications.
This property allows ones to focus on examining the influence of
the OCFGs without or with less disturbance from the textural
structures.

Recently, GO has been successfully used as an adsorbent in
both gas and liquid-phase separation."""'35 Ren et al. reported that
GO had an significant adsorption capacity for Cu(ll) due to its high
concentration of surface acidic oxygen groups, and demonstrated
the usage of GO for adsorption removal of methylene blue dye. This
report indicates that the GO might be a potential adsorbent for
adsorptive removal of some polar compounds, such as nitrogen-
containing compounds, from liquid hydrocarbon streams.*® To the
best of our knowledge, the study of ADN on GOs has not been
reported in the available literature yet.

In this work, the adsorption behavior of GF, GO, AC and OAC
with different physical and chemical properties were studied.
Quinoline, which is one of the main basic nitrogen compounds in
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fossil fuels, especially in coal liquid, was used as an adsorbate in this
study.37 The adsorption capacities of different carbon adsorbents
for quinoline in a model fuel were measured to fundamentally
understand the effects of the textural structures and OCFGs of
different adsorbents on their ADN performances, and to clarify their
similarities and differences in application for the adsorptive
removal of quinoline from liquid hydrocarbons.

2. Experimental Section

2.1. Carbon Adsorbents and Oxidation Treatment

A commercial AC (TF-B520) was provided by the Shanghai Sino
Tech Investment Management Company. To introduce the OCFGs
on the surface, AC was chemically modified by treating it with 1.5
molL? ammonium persulfate (APS) solution (in 1 molL? H,S0,).
About 1.0 g of AC was added to 20 ml of APS solution in a beaker
held at 60 °C and for 3 h, as described in detail previously.24 The
modified sample was collected by filtration and washed with
abundant deionized water till reaching neutral. The treated AC was
dried under vacuum at 120°C overnight before use. This oxidized AC
is denoted as OAC. Nearly no functional groups other than oxygen-
containing groups and metal ions can be introduced onto the AC
surfaces according to our previous work."

GO was prepared from commercial GF (Alfa Aesar, natural 325
mesh) using the Hummers method.*® GF (3.0 g) and NaNO3 (3.0 g)
were dispersed in 69 mL of 98% H,SO, in a beaker held in an ice
bath. KMnO, (9.0 g) was slowly added into this mixture. After
stirring for 10 min in the ice bath, the beaker was transferred to a
35°C water bath for 1 h, and then the deionized water (138 mL) was
slowly added to the suspension. After increasing the temperature to
90°C and holding it for 15 min, the suspension was diluted with 420
mL of deionized water, and then 30% H,0, (5 mL) was added. The
mixture was kept at room temperature overnight. The formed GO
that had deposited at the bottom was separated from the excess
liquid by decantation. The concentrated solution was dialyzed with
deionized water for 72 h to remove the metal The
concentrated solution was further diluted to 2.0 L and then treated
ultra-sonically for 1 h before being spray dried to obtain the GO.

ions.

2.2. Characterization of Textural Properties of the Adsorbents

The textural properties of the carbon materials
determined via the nitrogen adsorption/desorption technique at 77
K using the ASAP 2020 surface area and porosimetry analyzer. The
standard BET and DFT models were applied to determine the
surface area and pore volume.

The characteristics of the structure were also conducted by
using X-ray diffraction technique (XRD). The powdered samples
were kept in a 2.5 cm x 2.5 cm x 1 mm quartz block. The powder
was pressed onto the quartz block using a glass slide to obtain a
uniform distribution. The data were obtained using a X’'Pert-Pro
MPD (PANalytical B.V.) and a Cu Ka radiation source with a scan

range of 5-70° at a rate of 1°min.

were

2.3. Surface OCFGs of the Carbon Adsorbents

The types and concentrations of the OCFGs on the surfaces of
the carbon adsorbents were determined using the temperature-
programmed desorption method (Chem BET plus Quantachrome)
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with a mass spectrometer detector (Dycor, Model 2000, TPD-MS).
These surface OCFGs were identified and quantified using the
modified TPD-MS deconvolution method, which was developed in a
previous study through modification of the method reported by
Figueiredo et al®

2.4. Batch adsorption

The liquid phase adsorption was performed for 3 h in 40 mL
plastic vials filled with 0.02 g of adsorbent and desired weight of the
model fuel (MF) which contains quinoline in heptane with a
concentration of 300 ppmw as nitrogen. After the desired time was
reached, the mixture was separated by centrifuging at 10,000 rpm
for 15 min. The treated MF was analyzed to estimate the adsorption
capacity. The Langmuir isotherm equations have been widely used
to analyze equilibrium adsorption data. The linear form of the
Langmuir is shown as follows:

Ce/qe = 1/kqm + ce/dm (1)

where c. (ppmw) is the concentration of N at equilibrium; K (g/ug)
is the Langmuir constants related to the energy of adsorption; g,
and g, (mg-N/g) are the capacity at equilibrium and the maximum
capacity, respectively.15

The procedure of kinetic tests was basically identical to that of
equilibrium tests.”” ' The experiment was carried out with an
adsorbent-to-MF weight ratio of 1:500 at 25 °C. The samples were
taken at regular time intervals. The concentration of nitrogen in the
treated MF was measured.

2.5. Analysis of the Treated Model Fuel

The concentration of quinoline in the treated MF was
quantitatively analyzed using a GC 2010 (Shimadzu) plus gas
chromatography with a low-polarity capillary column (Rtx®-5, 30 m
x 0.32 mm x 0.25 um, RESTEK) and a nitrogen/phosphorous
detector (NPD). The oven temperature was initially set at 130°C,
ramped at 20 °Cmin™ to 280°C, and then held at this temperature
for 5 min. The temperatures of injector and detector were at 280°C
and 300°C, respectively.

2.6. Regeneration of adsorbent

Spent GO adsorbents
treatment for 1 h in different solvents, including acetone, ethanol,
toluene, and N, N-dimethylformamide (DMF).“’ * The regenerated
GO adsorbents were dried at 60°C in vacuum before the following
adsorption test.

were regenerated by ultrasound

3. Results and Discussion

3.1. Textual properties of the adsorbents

The textual properties of four carbon adsorbents, AC, OAC, GF
and GO, were characterized by the nitrogen adsorption-desorption
technique. The nitrogen adsorption-desorption isotherms are
shown in Figure 2. The OAC shows a significant reduction in N,
uptake compared with the original AC. The BET surface area of the
OAC was deceased by 50% after 3 h of oxidation due to the partial
destruction or collapse of the porous structure of the carbon during

P 15,24
the oxidation process.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Nitrogen adsorption-desorption isotherms of AC, OAC, GF, and GO.

Table 1. Pore properties of AC, OAC, GF, and GO.

sample  Sger(m’/g)  Vioai(cm®/g)
AC 2051.5 0.99

OAC 1028.9 0.46

GF 5.9 -

GO 9.4 -

GO exhibits a slightly higher nitrogen adsorption capacity (9.4
mz.g'l) than that of GF (5.9 mz.g'l), although it is much lower than
that of AC and OAC. Its lower surface area might be ascribed to the
agglomeration of GO layers during drying process. The significant
amount of oxygen groups resulted in the agglomeration due to the
strong H-bonding between GO Iayers.27’ 3 The N, molecules might
be difficult to insert into the interlayer space of GO, but can only
adsorb on the external surface. Further investigations are necessary
to clarify it. The pore size distributions of all of the adsorbents are
shown in Figure S1. A significant reduction of the pore volume was
observed for AC after the oxidation modification, e.g. from 0.99
cm>/g to 0.46 cm*/g. The detailed physical properties of AC, OAC, GF
and GO are summarized in Table 1.

3.2. Characterization of the OCFGs on Adsorbent Surface

The chemical properties of AC, OAC, GF and GO, e.g. total
oxygen concentrations and distribution of OCFGs on the surface,
were determined by various techniques. The TPD-MS was used to
monitor the CO, and CO released during the temperature program
to obtain a deeper insight into the surface chemistry of the
adsorbents. Figure 3 shows the CO, CO, and H,0 TPD profiles for
OAC and GO. Significant amounts of CO and CO, were released
when the temperature was higher than 200°C, due to the
decomposition of OCFGs on OAC and GO. The amounts of CO and
CO, released and the total oxygen contents for the different
samples were calculated using the methods reported in the
39 The physical adsorbed water and the water formed
during the decomposition of oxygen groups were also calculated.

literatures.

The results are summarized in Table 2.

J. Name., 2013, 00, 1-3 | 3
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Table 2. The oxygen contents from released CO, CO,, and H,0 based on the TPD profiles.

sample PhysicallHZO FormeleZO OinCO ) Oin COZ1 Total O (lexcept physical H,0)
mmol.g” mmol.g mmol.g mmol.g’ mmol.g”
AC - - 1.2(1.3%) - 2.1(4.7%)
OAC 2.3(3.6%)* 4.0(6.4%) 5.2(8.3%) 8.8(14.1%) 18.0(28.8%)
GF - - 0.1(0.0%) 0.2(0.0%) 0.3 (0.5%)
GO 4.8(8.6%) 8.0(14.4%) 5.2(8.4%) 14.5(23.1%) 27.7(45.9%)

* The data in parentheses are weight percentage.

The total oxygen contents of the OAC and GO samples increased
to 18.0 and 27.7 mmol.g'l, respectively. These
contents are 7.6 and 91.3 times higher than their original contents.
According to the reports in literature, the oxidation method used in
this study is likely more effective to introduce OCFGs on AC, and the
oxygen content of OAC reached 28.8 wt%, which is quite high in
comparison with others.* It is interesting to note that the total
oxygen content in GO is even 54% higher than that of OAC, although
the BET surface area of the former is only one-hundredth of the
latter. Some studies have used the TPD-MS to characterize the total
oxygen content of GO, as reported in literatures.*> % However, it is
difficult to determine the H,0 content due to its weak heat stability
of GO in the previous studies. The physical water and the water
formed during the decomposition of OCFGs were clearly
distinguished in this study, as shown in Figure 3(b). The H,0 peak
formed by the decomposition of OCFGs was observed at
approximately 200°C, as shown in Figure 3(b), which is different
from the H,0 peak for the physical desorption at approximately
120°C. In the present study, the oxygen contained in the H,O
formed by the decomposition of OCFGs was also included in the
total oxygen content of the adsorbent, as shown in Table 3. The
oxygen content contributed from the H,0 formed at approximately
200 °C can be as high as 14.4% of the total oxygen released.
Consequently, this part of oxygen should be considered when
estimating the total oxygen concentration and the carboxyl
concentration by using the TPD-MS method.

The CO, and CO evolution profiles were further deconvoluted to
obtain qualitative and quantitative information about various OCFGs
on AC and OAC. This deconvolution method has been widely used
for different carbon materials, such as the activated carbon,44
carbon nanofibers,47 carbon nanotubes, and carbon xerogels.48 The
TPD-MS method has been proven to be more accurate than FTIR,
and XPS, especially for AC.** The deconvolution results of CO, and
CO for OAC are shown in Figures 3c and 3d. The evolution of CO,
mainly results from the decomposition of strongly acidic carboxylic
groups (SA) at 240°C, weak acidic carboxylic groups (WA) at 350°C,
carboxylic anhydrides (CA) at 450°C, lactones at 620°C (LD) and
other lactones at 760°C (LC). In the case of CO, the dominant
contribution is assigned to CA at 450°C, phenol (PH) at 710°C,
carbonyls plus quinones (CQ#1, CQ#2) at 900°C, and pyrones (PY) at
1000°C.* It can be seen that different kinds of OCFGs, especially the

4| J. Name., 2012, 00, 1-3

carboxylic and phenolic groups, were introduced on the AC surface
by the APS oxidation modification.
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Figure 3. TPD profiles: (a) CO,, CO, and H,0 from OAC, (b) CO,, CO, and H,0 from
GO, (c) Deconvolution of TPD-CO, of OAC, (d) Deconvolution of TPD-CO of OAC.

In the case of GO, to the best of our knowledge, the present
study is the first time to use TPD- MS for identification of OCFGs on
GO. Majority of OGFGs on GO were decomposed to form CO,, CO
and H,0 at approximately 250°C. The measured oxygen content that
was contributed by the decomposition of OCFGs to form CO and
CO, at approximately 250°C is approximately 12 mmol.g'l, which
comprises 43% of the total oxygen contents. Based on the
Iiteratures,46 the release of CO and CO, at this temperature range
might be due to the decomposition of epoxides and hydroxyls,
although there is still a matter of some debate. The measured
oxygen content contributed by the decomposition of OCFGs in other
temperature range is relatively small, as shown in Figure 3.

XRD analysis was also used to investigate the structures of these
adsorbents. The XRD patterns of GF, GO and GO after adsorption
are presented in Figure 4. The intensive peak of GF at 20 = 26.5°
matches the interlayer distance of 3.36 A for GF. This peak vanishes
after the oxidative modification. Instead, a broad and relatively
weak peak at 26 = 9.9° appears, which corresponds to the interlayer
spacing of 8.9 A. The results clearly indicate that the oxidative
modification enlarged the interlayer spacing of the GF layers due to

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



Page 5 of 8

RSC Advances

the formation of different OCFGs, such as hydroxyl, carboxyl or
epoxy groups, as also reported by Cote et al.*%In addition, the XRD
pattern for GO after quinoline adsorption was also measured. As
shown in Figure 4, the interlayer spacing of GO after quinoline
adsorption is 10.1 A, which is significantly larger than that of GO
before adsorption. It is likely that an appreciable fraction on the
surface of GO layers is actually accessible to quinoline in the
solution. Therefore, it indicates that either the carboxyl on the edge
of GO or some OCFGs on the GO interlayer could contribute to the
quinoline adsorption.

1.01nm

GO after adsorption

0.89nm
GO
0.336nm 1 GF
f 1 T 1 T 1 T 1 T 1 T 1 T 1
10 20 30 40 50 60 70

20 (Degree)

Figure 4. XRD patterns of GF, GO and GO after adsorption.

3.3. Adsorption Performance of Various Adsorbents

3.3.1. Adsorption Isotherm

In order to determine the adsorption time required to reach the
adsorption equilibrium, the effect of adsorption time on the
adsorption capacity was first examined in the batch adsorption
system at room temperature and atmospheric pressure with
stirring. The results are shown in Figure 5. It was found that the
adsorption on the various carbon adsorbents occurred within first
30 min. After 60 min the adsorption equilibrium was reached for all
adsorbents. Consequently, the adsorption time of 3 h was selected
in this study assuring that the measured adsorption capacities for all
adsorbents tested in this study are the equilibrium (:apacity.24

The adsorption isotherms for the AC, GF, OAC and GO samples
were measured using the MF with quinoline in heptane. The
equilibrium isotherms for the adsorption of quinoline on AC, OAC,
GF, and GO are shown in Figure 6. By treatment of the experimental
data, it was found that all isotherms fit well the Langmuir
adsorption isotherm model. The g,, and K, values for adsorption of
quinoline on these adsorbents are summarized in Table 3 for easy
comparison. In comparison of AC and OAC, the oxidation-modified
activated carbons (OAC) has much higher adsorption capacities than
AC, as expected. OAC gave the highest quinoline capacity with a g,
value of 35.7 mg—N.g'1 among the carbon adsorbents tested in this
work due to its highest oxygen content. On the other hand, GF has
almost no adsorption ability for quinoline. But GO has a much
higher capacity for quinoline than original GF. The q,, value for GO is
29.4 mg—N.g—GO'l, which is considerably higher than those reported

This journal is © The Royal Society of Chemistry 20xx

before. For example, Cu'Y has been reported as a potential
adsorbent to remove nitrogen compounds, but its saturation
capacity is only 3 mg-N.g-Adsorbent'1 at the equilibrium
concentration of 83 ppmw.17

40+ —=—AC
35 —e—OAC
° —a—GF
30+ —v—GO
0 25
z v -
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£ 204 |
& 154/ .
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0 S e e
0 20 40 60 80 100 120 140 160 180 200
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Figure 5. Effect of contact time on removal of quinoline in
heptane.

Qe(mg-N.g"1

—a

100 150
Ce(ppmw)

200 250 300

Figure 6. Equilibrium isotherms for the adsorption of quinoline
from MF in heptane.

Table 3. Parameters associated with Langmuir models for the
adsorption of quinoline.

equilibrium
sample SBE; am(mg K R? capacity
(m°/g) -N/g)  (g/ug) (mg-N/g) at
300ppmw
AC 2051.5 16.7 0.020 0.994 13.9
OAC 1028.9 35.7 0.080 0.998 33.1
GF 5.9 1.9 0.005 0992 1.1
GO 9.4 29.4 0.024 0993 244

J. Name., 2013, 00, 1-3 | 5
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Recently, MOF materials have also studied as adsorbents for
nitrogen removal with a maximum capacity of 16 mg-N.g-
Adsorbent™ at the equilibrium concentration of 300 ppmw.21 A
commercial AC with a high surface area and relatively large amount
of oxygen content was reported to be 17 mg—N.g—Adsorbent'l, which
is the maximum capacity for adsorption of quinoline among all
carbon adsorbents reported in literature.”™ * It is clear that OAC has

the highest g, value for quinoline.

3.3.2. Adsorption Mechanism

The physical and chemical properties of the surfaces of carbon
adsorbents are known to be critical in determining their adsorptive
performances. By comparing the adsorption capacities and the
surface areas of these adsorbents, it is found that the order of their
adsorption capacities does not match with the order of their BET
surface areas. GO, which has a low surface area exhibits a high
adsorption capacity for quinoline, whereas AC has the highest BET
surface area (2051.5 mz.g'l) but has a considerably lower adsorption
capacity than GO. These results indicate clearly that the surface
area in here does not play a critical role in determining the nitrogen
adsorption capacity among these carbon adsorbents. Since there is
still a debate on which is the major factor that determines the
adsorption performance of the carbon-based adsorbents for
removing sulfur and nitrogen compounds from liquid hydrocarbon
streams,za’ *® the GO with low surface area but significant amounts
of oxygen groups shown in the present study provides a good
criterion to highlight the important role of OCFGs.

In order to examine the effect of the oxygen functional groups
on the ADN performance easily, the relationship between the total
oxygen content of the adsorbents and their saturate adsorption
capacity measured is shown in Figure 7. There is no good
relationship between them. However, when carefully examining the
data, it is found that for the activated-carbon-based adsorbents (AC
and OAC), the adsorption capacity increases with increasing oxygen
content in the adsorbents, while the graphite-based adsorbents also
show the same trend with the change of the oxygen content (with
similar slope). It indicates that for both cases, the oxygen functional
groups on the adsorbents play a critical role in determining their
adsorption capacity. The significant higher adsorption capacity of
the activated-carbon-based adsorbents than that of the graphite-
based adsorbents at the same oxygen content may be contributed
to their difference in the textural structure. GO has relative small
interlayer space (0.89 nm), which means part of the oxygen groups
on the basal plane between two layers may be limited for the
approach of quinoline molecule. In addition, it should be mentioned
that the GO could not be dispersed in hexane (the solvent in our
MF) even after sonication due to its weak polarity,27’51’ *2 |n other
word, the accessibility of the species to these oxygen functional
groups might be the key for it. The further investigation is necessary
to clarify it. On the other hand, GF, which has nearly no pore
structure and no oxygen groups, exhibited a low, but certain,
capacity for quinoline, indicating that the adsorption of quinoline
may also be conducted through the m-m interaction with the basal
graphene surface, but such interaction is relative weaker than the
acid-base interactions and H-bonding interactions, as confirmed by

6| J. Name., 2012, 00, 1-3

the K value (0.005 g/ug ) of GF in comparison with that (0.024 g/ug)
of GO. In the case on AC, the contribution to the capacity for
quinoline may be mainly due to the m-m interactions between the
aromatic rings in quinoline and basal graphite plane in AC.*™ The
increase in the capacity of OAC for quinoline in comparison with AC
is likely primarily due to the increase in its total concentration of
oxygen groups on the surface, which interact with the quinoline
molecules dominantly through the acid-base interaction and H-
bonding interaction.'® The reasons for the dramatic higher capacity
of GO than that of GF may be both the higher concentration of
oxygen groups and the larger interlayer space of the former than
those of the latter.

40+
OAC
30
~ GO
e
ZI 20
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AC
g
3
& 104
G
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0 5 10 15 20 25 30

The oxygen content (mmol.g")

Figure 7. Correlation between the total oxygen content and the quinoline adsorption
capacity at 300 ppmw.

In summary, the multiple mechanisms work together to
determine the adsorption performances of the carbon-based
adsorbents in removing the nitrogen compounds from liquid
hydrocarbon streams. The oxygen groups are very important for
enhancing the adsorption capacity of the carbon adsorbents for
quinolone in comparison with other factors.

3.4. Regeneration of Spent adsorbent

Some researchers have studied the regeneration of the spent AC
adsorbents, and found that about 70% adsorption capacity of the
adsorbent can be recovered after the solvent extraction in toluene.®
2 However, there has no report about the regenerability of GO. The
adsorption capacity of the spent GO, regenerated by using different
solvents decreased in the solvent order of DMF (92%) > acetone
(46%) > ethanol (35%) > toluene (25%), which is consistent with
their polarity: DMF (6.4) > acetone (5.4) > ethanol (4.3) > toluene
(2.4), indicating that the polarity of the solvents is important for
effective regeneration. The temporary exploration in the
regeneration of the spent GO shows that the majority of the
capacity of GO can be recovered by the ultrasonic extraction, as the
majority of the adsorptions on GO is reversible.

4. Conclusions

The adsorption behaviours of the four carbon-based adsorbents
(AC, OAC, GF and GO) with different textural structures and

This journal is © The Royal Society of Chemistry 20xx
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concentrations of various oxygen functional groups were studied for
removing quinoline from liquid hydrocarbons. The adsorption
capacity (35.7 mg-N.g'l) of OAC prepared in this work is much
higher than those reported in literature due to its higher
concentrations of the oxygen functional groups. GO prepared from
the oxidation of GF has also shown much higher adsorption capacity
(29.4 mg-N.g'l) for quinoline. Different types of the oxygen groups
might play different roles in determining the adsorption
performance. The carboxyl and phenol group might play a crucial
role in determining the adsorption performance of the carbon-
based adsorbent for selective removal of quinoline from liquid
hydrocarbon streams and the accessibility of these groups on the
surface is another key factor to affect the adsorption performance.
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